An engineered photoelectrode for dye solar cells has been developed through the combination of three mesoporous stacks made of shape-tailored TiO 2 anatase nanocrystals, which have been ad hoc synthesized by suitable colloidal routes. Optimization of light harvesting and charge collection efficiency allowed us to obtain a high power conversion efficiency of 10.26%.
Dye-sensitized solar cells (DSCs) are one of the most promising photovoltaic technologies for production of renewable, clean, and affordable energy.
1 Among third-generation photovoltaic devices DSCs exhibit the highest performance; to date, a record power conversion efficiency (PCE) of 12.3% has been achieved with photoanodes consisting of 20 nm anatase TiO 2 nanocrystallites co-sensitized by YD2-o-C8 and Y123 dyes.
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As the crystal structure and geometry of the photoelectrode of a DSC are crucial to determining the photoelectrochemical properties of the system, various strategies have been pursued to conveniently engineer photoanodes with tailored features.
3-8
Although a porous electrode made of nanocrystallites with a high internal surface area is essential to guarantee loading of large amounts of dye molecules, the diffusion of electrons is restricted by trapping and detrapping events along defects, surface states, and grain boundaries. 9 A possible solution to improve the charge collection efficiency is the use of anisotropically shaped TiO 2 nanostructures, such as all-linear [10] [11] [12] [13] [14] or branched nanorods, [15] [16] [17] nanowires 18, 19 and nanotubes arrays, 20, 21 which are able to provide extended directional pathways for rapid collection of photogenerated electrons. However, modest PCE values have been reported to date, mainly because of the reduced internal surface area offered by photoanodes which employ nanorods or nanowires with a mean size larger than 100 nm 12, 22, 23 and/or the severe degradation of the original structural-morphological features of the selected anisotropic TiO 2 nanocrystals upon sintering.
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Another versatile strategy to enhance the PCE is the implementation of relatively large nanoparticles (mean size > 400 nm) as scattering centers, which present a well-dened hierarchical nanostructure to ensure an acceptable value of effective surface area. 24, 25 However, photoanodes based on these nanomaterials hardly offer any further benets, such as, for instance efficient charge transport, because electron percolation within nanocrystallites is reasonably expected to be more difficult. Hence, there is still plenty of scope for the design and synthesis of materials which should simultaneously exhibit large surface areas for dye adsorption, efficient light scattering and fast electron transport.
Herein we present an affordable and versatile approach to photoelectrode structuring by which the performance of a DSC can be maximised. Our strategy exploits a new class of hierarchically structured photoanodes consisting of different stacks of purposely selected anisotropically shaped TiO 2 nanocrystals which have been synthesized by advanced wet-chemical routes.
Our DSCs comprise three TiO 2 nanocrystal layers with complementary and synergistic properties (see a representative sketch in Fig. 1 ): a bottom layer made of small nanorods which provide tremendous specic surface area and exceptional transparency across the dye's absorption spectrum; an intermediate layer made of high aspect-ratio nanorods which guarantee superior electron transport and good dye loading capability; a third upper layer made of relatively larger nanorods with hyperbranched topologies, which offer adequate light-scattering capability and enable favourable interfacial charge-transfer.
This fabrication approach leads to DSC photoanodes capable of exhibiting indispensable, yet oen incompatible properties that are difficult to accommodate at once, such as high specic surface area, fast electron transport and pronounced lightscattering. The 10.26% efficiency achieved with our multilayered photoanodes greatly exceeds the record literature values documented so far for TiO 2 -nanorod-based DSCs.
14 Colloidal TiO 2 nanocrystals with one-dimensional linear or branched proles were prepared by recently developed surfactant-assisted sol-gel routes. 17, 26, 27 Our syntheses are based on the reaction of a titanium alkoxide in a coordinating mixture of a solvent and suitable alkyl carboxylic acid and/or amines, which regulate the solution supersaturation by forming reactive complexes with the precursor, and drive anisotropic evolution and/or lattice splitting by dynamically adsorbing/desorbing to/ from the surface of the growing nanocrystals. Selected protocols have been exploited (detailed procedures are reported in the ESI †) to synthesize three different families of size-and shapetailored TiO 2 nanocrystals as the starting building blocks for our DSCs. In particular:
- 
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In all cases the as-prepared NRs were surface-capped with a hydrophobic oleate surfactant shell that guaranteed kinetic stabilization against undesired irreversible coalescence phenomena and ensured retention of the size/shape features during post-synthesis processing, including the thermal sintering step required for photoanode assembly. 13, 17, 28 SEM images (Fig. 1d-f and S1 †) clearly revealed the unique morphologies of the as-prepared lms: TiO 2 nanocrystals with anisotropically tailored linear and branched shapes were safely processed with intact geometric features (cf. images in Fig. 1a-f) into high-quality mesoporous photoelectrodes without collapsing into macroscopic segregated agglomerates and/or generating extensive cracks. The XRD patterns of these lms (see Fig. S2 in ESI †) conrmed retention of the anatase crystal structure of the original nanocrystals, without any detectable secondary phases.
As the photovoltaic performances of DSCs are strictly related to the morphology of the photoanode's building blocks, we investigated the structure-performance relationship in DCSs individually made from a single breed of nanocrystals.
28 Efficiencies of the three species of NR-based PEs are listed in Table  1 , whereas the J-V curves are shown in Fig. 2 . The following observations could be outlined. (Table S2 ).
-At relatively low thicknesses (3 mm), AR4-based photoelectrodes (PEs) showed the best performances, in good agreement with their superior dye-loading capability.
-As the thickness grew up to 7 mm, the performance of PEs constituted by AR16 nanorods overcame that of the corresponding AR4-based mesoporous lms, despite their relatively lower surface area. The increased short current density ( J SC ) correlated with the superior charge transport properties of NRs with a higher aspect-ratio. As shown in Fig. 2b , AR16-PEs were indeed characterized by an electron diffusion length 29 which was almost twice that found for their homologous shorter NRs. These pieces of evidence corroborated the conclusion that the inherent electron transport properties of the lms did have a tremendous impact on their ultimate photovoltaic performances.
These observations suggested us to exploit the possible synergistic effects of a suitable combination of AR4-and AR16-based lms in the frame of a bi-layer architecture. Such a structure actually demonstrated to be even more efficient than the corresponding monolayers: a 7 mm thick PE composed of an AR4-based bottom layer (thickness 3 mm) and an AR16-based top layer (thickness 4 mm) indeed generated a shortcircuit current density as high as 13 were measured in the case of 7 mm thick AR4-and AR16-PEs, respectively.
AR4 and AR16 lms resulted in being highly transparent prior to being dye-sensitized (see Fig. S3 †) due to the homogeneous assembly of the small sized nanocrystals, which prevented light-scattering effects from being originated in these lms. This fact implied that further enhancement of the photovoltaic performances of our NR-based PEs should be achievable through the introduction of a suitable photon-recycling structure. PEs based on nanorod bundles, BB-NRs, with relatively larger dimensions were veried to work as light-scattering centres while maintaining good dye loading capability and allowing a surprisingly high photocurrent density (9.22 mA cm À2 for 7 mm thick PEs). These photoanodes were indeed characterized by the longest value of the electron diffusion length (see Fig. 2b ), which is almost two times higher than AR16-PE and three times higher than AR4-PEs. They also offered the most favourable conditions under which recombination at the interface with the electrolyte could be minimized, as demonstrated by their high open-circuit voltage (0.82 V). This result could be ascribed to the particular bundle-like architecture concerned with their monocrystalline nature, where the individual rod-shaped arms were assembled so as to guarantee crystal lattice continuity at the relevant branch points and, hence, to dramatically reduce the density of electron trap states at surfaces and grain boundaries.
We thus made use of all ndings to design and fabricate an engineered PE which embodied all of the three families of the synthesized shape-tailored TiO 2 nanocrystals within a unique multistack architecture in such a way as to complementarily and synergistically exploit the properties associated with their respective topological features. The deposition of a BB-based layer on the top of the AR4 + AR16 PE was revealed to be the most suitable approach to generate effective light scattering without detrimentally sacricing any other desirable properties, as well as the surface area and electron transport. The thickness of each layer was tuned in a range comprised between 3 and 7 mm with the aim of optimizing the balance among the specic characteristics of the three nanostructures. The performances obtained with DSCs based on different photoanode congurations are reported in the ESI section (Table S1 ). † A PCE as high as 10.26% was achieved with a 17 mm thick photoanode (ML-DSC) which incorporated a bottom layer (3 mm) made of AR4-NRSs, a middle layer (7 mm) made of AR16-NRs and a top layer (7 mm) made of hyperbranched BB. A cross-sectional SEM image of such a nanostructured lm is reported in Fig. 1g . The resulting photovoltaic parameters are summarized in Table  1 The increased efficiency of our ML-DSC was primarily due to the enhancement in J SC that could be related to the overall larger dye amount adsorbed onto a ML lm (2.68 Â 10 À7 mol cm À2 ), being higher than that of the reference D-DSC lm (1.97 Â 10 À7 mol cm À2 ). These properties could be ascribed to the larger specic surface area of the ML lm, mainly derived from the introduction of the AR4 and AR16 layers. In addition, another factor contributing to enhance the performance of the ML-DSC should be the signicant improvement of the chargecollection efficiency, as demonstrated by the trend of the electron diffusion length reported in Fig. 2b . The diffusion length of our ML-PEs indeed resulted in being 30% longer with respect to the case of D-DSCs. A further elucidative insight into their electrochemical behaviour of the ML-DSC was provided by the estimation of the apparent electron lifetime, s n . 30 It was veried that in our engineered multi-stack PEs, the photogenerated electrons were characterized by a considerably longer apparent electron lifetime under the open-circuit condition (s n ¼ 154 ms) with respect to the nanoparticles-based PE used as a reference (s n ¼ 111 ms). This fact further conrmed their superior property of preventing the electrons from recombining with existing oxidized species, such as I 3 À in the electrolyte. As a consequence, the modest increment of V OC observed in the ML-DSC (0.81 V vs. 0.79 V) should be intrinsically correlated with the observed reduction of the dark current (see Fig. S4 †) . Besides this, an important contribution to the boosting of J SC was related to the enhancement of the light scattering effect in ML PEs with respect to AR4 + AR16 PEs. The reectance spectrum of a 7 mm thick BB layer is shown in Fig. 3a along with those of a commercial scattering layer (Dyesol 18NR-AO, thickness 5 mm) and of a 10 mm thick AR4 + AR16 bi-layer structure. As expected, both the commercial and our BB-based lms exhibited dramatically higher diffuse reection in the visible range with respect to the AR4 + AR16 PE.
The IPCE spectrum of the ML-DSC (see Fig. 3b ) resulted in being shied upwards with respect to the reference cell (the topmost value passed from 75% up to 83%). This improvement, which was maintained over a wide range (350-600 nm), could, however, be only partially ascribed to the scattering effect of the upper BB-layer; rather it should be attributed to the extended dye loading capability and to the improved electron transport through the TiO 2 nanorod network. The photon recycling effect of the BB-layer was proven to be benecial only within a limited range of wavelengths since, as is well known, it strongly depends on the size of nanoparticles. 31 The reectivity of the BB-layer was in fact higher than those observed for the Dyesol 18NR-AO (which embodied 300 nm sized diffusing nanoparticles) only in the range between 350 and 470 nm. At higher wavelengths -corresponding to the region of maximum absorption of N719 -the scattering effect of the BB attenuated and the gap in the IPCE spectra tended to vanish. This observation suggests that further optimization of the three-layer architecture proposed by us should be achievable through the implementation of an additional scattering layer made of much larger nanocrystals.
To summarize, we have proposed a novel engineered multistack electrode which comprises three different breeds of shape-tailored TiO 2 NRs and enables control over the electron transport and the recombination dynamics as well as over the optical scattering. Suitable adjustment of the shape and size of the NRs made it possible to simultaneously maximize the key features of a photoelectrode, which are generally incompatible with each other: the light harvesting capability and the charge collection efficiency. A power conversion efficiency as high as 10.26% was reported for a dye solar cell made of a 17 mm-thick three-stack photoelectrode and a consistent improvement was assessed with respect to a reference photoelectrode made from conventional spherical nanoparticles. Our work demonstrates that the ability to create photoanodes in which the structural and morphological features of the primitive nanocrystalline building blocks can provide tailored nanotextures with a higher degree of functionality represents an indispensable step towards boosting the ultimate light-to-electricity conversion of a DSC.
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